The distribution and time course of postisch emic astrocyte hypertrophy and hyperplasia and the re lationship to neuronal viability or necrosis was studied in rats subjected to 30 min of carotid and vertebral artery occlusion followed by reperfusion from 3 h to 5 weeks. Intermediate filaments (IFs) were evaluated by electron microscopy, IF proteins by immunohistochemistry, and astrocyte division by [ 3 H]thymidine uptake. Glial fibril lary acidic protein (GF AP) increased in damaged and nondamaged brain regions by 2 days and was associated with cell enlargement, increases in IF, and transformation of GF AP-negative into GF AP-positive glia. Cell hyper trophy and increased GFAP persisted only in regions of neuronal necrosis whereas the number and size of GF AP positive astrocytes returned to control levels in nondam aged regions by 2 weeks. Astrocyte hyperplasia was not
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Interactions between astrocytes and neurons have gained increasing importance since in vitro studies have shown that metabolic properties of as trocytes are important in maintaining the normal homeostasis of the interstitial fluid compartment of the brain. These cells have high-affinity uptake sys tems (Faivre-Bauman et aI., 1974; Hertz et aI., 1974; Hertz, 1978; Cooper et aI., 1979; Kimelberg et al., 1982; Kraig et al., 1986 ) for many of the extra cellular ions and excitatory neurotransmitters that are elevated after ischemia, including hydrogen ions and glutamate, both of which have been implicated in causing ischemic injury. Thus, the initiation of seen until 3 days and was confined to damaged brain re gions. Vimentin-positive astrocytes were numerous by 2 days in damaged brain and remained only in those regions at 5 weeks. The data demonstrate that reactive astrocy to sis develops in undamaged brain, but is reversible with prolonged survival, whereas reactive astrocytosis that ac companies structural brain damage persists for prolonged periods and is associated with hyperplasia, as well as hy pertrophy. In addition, the results show that astrocyte expression of vimentin is more specific than GFAP in identifying regions of permanent ischemic injury during the early postischemic period. Key Words: Astrocyte Autoradiography-Cerebral ischemia-Electron micros copy-Glial fibrillary acidic protein-Immunohistochem istry-Vimentin. early astrocytic hypertrophy would be important and its presence in the nondamaged brain would offer a possible mechanism for neuronal resistance to cerebral ischemia.
The present study examines the postischemic dis tribution and time course of astrocyte hypertrophy and hyperplasia and the relationship to neuronal vi ability or necrosis. Alterations in astrocyte interme diate filaments (lFs) and IF proteins in regions of neuronal necrosis were compared to those found in brain regions in which neurons are resistant to isch emic injury. Cerebral ischemia was produced by the four-vessel occlusion model of Pulsinelli and Brier ley (1979) which produces neuronal necrosis in the dorsolateral striatum by 24 h, and delayed neuronal necrosis in the CAl region of the hippocampus at 48-72 h, but leaves neurons in the paramedian ce rebral cortex and CA3 regions of the hippocampus without permanent injury (Pulsinelli et al., 1982a) . Astrocyte IFs were assessed by electron micros copy; IF proteins, glial fibrillary acidic protein (GFAP), and vimentin, by immunohistochemistry; and astrocyte hyperplasia by e H]thymidine uptake. A preliminary report of this study has been pub lished (Petito et aI., 1989) .
METHODS AND MATERIALS

Cerebral ischemia
Cerebral ischemia was produced in adult male Wi star rats by transient four-vessel occlusion (Pulsinelli and Brierley, 1979) . The animals were anesthetized, and ca rotid arteries surrounded by loose clasps and the verte bral arteries cauterized. Following an overnight fast, local anesthesia was applied to the neck wound and the carotid clasps tightened to occlude blood flow for 30 min. This causes regional cerebral blood flow to fall to <3% of con trol values in the forebrain provided that the EEO be comes isoelectric or that the nonanesthetized animal re mains unresponsive and loses its righting reflexes during ischemia and remains seizure free during and after isch emia (Pulsinelli et aI., 1982b) . At the end of the 30 min, the carotid clasps were removed and the animals allowed to survive for 3, 24, and 48 h and 2 and 5 weeks. There were seven control (normal) animals; three at 3 h; and five each at 24 and 48 h and at 2 and 5 weeks. At the time of killing, animals were deeply anesthesized with intra peritoneal urethane, a thoracotomy was performed, and a cannula was inserted into the ascending aorta. The ani mals were perfused at 120 mm Hg with normal saline for 30 s followed for 15-20 min with 6.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, 70% ethanol, or 10% buffered formalin (see below). The animals were decapi tated, the brains removed after 2 h, and coronal sections were cut at the level of the anterior commissure and at the level of the middorsal hippocampus.
Immunohistochemistry
Ethanol-fixed, paraffin-embedded sections, 7 /Lm thick, were stained for OF AP and vimentin using the avidin biotin complex (ABC) method of Hsu et al. (1981) , and horseradish peroxidase (HRP) incubated in 3,3' -diamino benzidine as the chromogen. Ethanol fixation improved the staining intensity of OF AP in gray matter astrocytes compared with that obtained with formalin or aldehyde fixatives (Dixon and Eng, 1981) and allowed astrocyte immunostaining of vimentin (personal observations). Pri mary antibodies, diluted I: 100, included rabbit anti OFAP polyclonal IgO (Dako Corp.), mouse monoclonal anti-OFAP IgO (Oncogene Science, Inc.), and mouse monoclonal anti-vimentin IgO (Dako Corp.). Normal se rum, biotinylated secondary antibodies, and avidin-biotin peroxidase complex were obtained from Vector Labs., Inc. The specimens were processed in batches of -10-15 slides per run with each batch containing one control slide. Double-staining immunohistochemistry for OF AP and vimentin in the 2-week animals was performed by initial immunostaining with monoclonal anti-OF AP as de scribed above using the ABC technique and HRP as the chromogen followed on the same section by immuno staining with anti-vimentin monoclonal antibodies as de scribed above, using the ABC technique and alkaline phosphatase (Dako Corp.) as the chromogen. Sections were examined with and without a hematoxylin counter stain. Negative controls included (a) substitution of pri mary antibody with nonimmune serum and (b) micro scopic evaluation of and comparison between vimentin and OF AP stains to ensure the absence of nonspecific staining. Positive controls for OF AP were staining of sub pial and sUbependymal astrocytes on the same tissue sec tion (Eng and DeArmond, 1983) , and for vimentin were staining of ependymal cells, endothelium, and meninges (Schnitzer et aI., 1981; Schiffer et aI., 1986) .
Optical density analysis
Semiquantitative evaluation of OF AP immunohisto chemistry was performed using monoclonal OF AP immu nohistochemistry without hematoxylin counterstain on an Optomax 40-10 Image Analyzer (Optomax Co.) with an Olympus Biological Microscope (Mode BMTU, Tokyo, Japan) and an Ikegami Surveillance Camera, Model ITC-48. The sensitivity for the optical density (OD) was preset at 102 of a possible 256 gray levels (zero being black and white, 256) utilizing a control rat brain stained for OFAP as a baseline of zero, in order to distinguish the diamino benzidine reaction product in astrocytes from nonspecific background staining. Any subsequent increase in OF AP density was detected as an increase in white light absorp tion and reported on an increasing scale (range 0-160).
Three 400 x microscopic fields each were examined in paramedian and lateral cortical region to give the full cor tical thickness and the results averaged, two 400 x micro scopic fields were examined in the dorsolateral striatum and averaged, and one 400x microscopic field each was examined from the pyramidal layer of the CAl and the CA3 regions of the hippocampus.
Optical densities for each of the five brain regions at the six time points were compared using one-way analysis of variance and Dunnett's t test. Since the resultant data clearly behaved as a nonlinear function that could not be fitted using standard regression methods (see below), the data were modeled using a nonlinear biexponential curve of the form Y = [ABI(B -C)](e-Ct -e-Bt ), where Y = OD and t = time. While no p values were derived using this latter approach, its purpose was to determine whether such a model adequately described the data.
Combined [ 3 H]thymidine-GFAP immunohistochemistry
Formalin-fixed paraffin-embedded rat brains SUbjected to the same model of cerebral ischemia were available from a previous study in which eHlthymidine, 5 mCi/g (6.7 Cilnmol, New England Nuclear Corp.) had been in jected into the tail vein 1-4 h prior to killing (Petito et al., 1982b) . The animals had been allowed to survive 3 h or 3 days following a 30-min period of four-vessel occlu sion. Three normal rats served as controls and received eHl-thymidine 1, 3, and 4 h prior to killing. The presence of labeled nuclei in a section of each animal's intestine included on the glass slide documented the reliability of the injection and autoradiographic techniques. eHlthymidine-labeled nuclei in the sub ependymal region documented the presence of [3Hlthymidine within brain parenchyma. For the current study, 7 /Lm thick paraffin slides were prepared for OF AP immunohistochemistry using the polyclonal rabbit antisera with a hematoxylin counterstain. The slides then were coated with NTB-2 nuclear emulsion (Kodak Co. Inc.), exposed for 6-8 weeks, and developed in Kodak D-19 developer.
Electron microscopy
Ultrastructural changes in astrocyte IFs and organelles were evaluated in regions of reversible and irreversible neuronal necrosis in the hippocampus. Three animals per group were examined at 1, 2, and 14 days after ischemia and results compared with three normal control animals. The material from the controls and the 1-and 2-day post ischemic animals had been used for a previous study of postischemic astrocytes (Petito and Babiak, 1982) . Coro nal pieces of glutaraldehyde-fixed CA3 and CAl hippo campus were postfixed in 1% OS04' dehydrated through graded alcohols, and embedded in epon resin. Sections 1 fLm thick were cut with a Sorval ultramicrotome and stained with toluidine blue; ultrathin sections of astro cytes in each grid were photographed with a JEOL-IOOS electron microscope and the resultant prints evaluated for the number and thickness of IF bundles in the astrocyte perikarya. The evaluation was done blindly without knowledge of location (CAl vs. CA3) or animal groups. However, it was not possible to be completely blinded to control vs. experimental animals since astrocyte swelling and adjacent neuronal changes usually distinguished the ischemic animals from controls. 
RESULTS
Control (normal) animals
GF AP was present in numerous white matter and subpial astrocytes, occasional astrocytes in the hip pocampus, and rare astrocytes in the cerebral cor tex and gray matter of the corpus striatum. These cells had small cell bodies and fine delicate cyto plasmic processes (Fig. la, Ib) . The polyclonal and monoclonal GF AP antisera had similar distribution and staining intensity. Optical density analysis of GF AP immunohistochemistry is summarized in Ta ble 1 and Fig. 2 . Some variations in the staining intensities among animals in each group were due in part to minor time differences in the chromogen re action step, which varied between 3 and 5 min. The OD of GF AP in the striatum was higher and more variable than that found in other brain regions due to incorporation of striatal white matter bundles that normally contain GF AP-positive astrocytes.
Vimentin was almost exclusively localized to lep tomeninges; blood vessels, including those within brain parenchyma; ependymal cells; and choroid plexus epithelium. Only rare astrocytes in the cen trum semiovale stained faintly with vimentin. A similar distribution of vimentin within lepto meninges, endothelium, and ependyma has been re ported in rat brain fixed with Carnoy's fixative (Schiffer et al., 1986) and in human choroid plexus epithelium following 10% formalin fixation (Dogli oni et al., 1987) .
Electron microscopy of astrocytes in CAl and CA3 regions of the hippocampus was similar to pre vious descriptions of these cells in normal rat brain. The cytoplasm was relatively electron lucent and contained the usual cytoplasmic organelles; the nu cleus had evenly dispersed small chromatin clumps with a thin rim of condensed chromatin at the nu clear membrane. Small bundles of loosely packed IFs were found in 62 of 83 and 52 of 80 astrocytes in CAl and CA3 regions, respectively (Fig. 3a) .
Thymidine uptake was confined to a few subependymal cells, as previously reported by Korr et al. (1975) . Labeled nuclei in brain parenchyma were exceedingly rare (one GF AP-negative cell in cerebral cortex in one of three brains).
Postischemic animals GF AP staining in cortex and striatum was not appreciably different from controls at 3 h, although the thickness and complexity of GF AP-positive cell processes were mildly increased in the hippocam pus. The GFAP staining progressively increased be tween 24 and 48 h following ischemia in all five brain regions examined and the increase measured by OD was significant (p < 0.05) in all regions but the striatum at 48 h. The increased staining was due to enlargement of the GFAP-positive cell bodies and processes (Fig. Ic, ld) , as well as to an increase in the actual number of GFAP-positive cells. In creased immunostaining of GFAP persisted in the irreversibly damaged brain regions (CAl and stria tum) throughout the 5 weeks of this study. In con trast, the GFAP increases were reversible in re gions without permanent neuronal injury and the OD levels fell to baseline levels at 2 and 5 weeks in the cerebral cortex and CA3 region of the hippo campus.
A close relationship between postischemic times and OD values for GF AP existed in all five brain regions as indicated by the close fit of the data into biexponential curves (Fig. 2) . The choice of a biex ponential model was based on empirical, not theo retical, grounds. The shapes of the curves appeared to follow such a function. Although other, more complicated functions might have fit the data, we obtained reasonably good fits with R 2 ranging from 65 to 82%. Large increases in GFAP during the first 2 days persisted in regions of irreversible neuronal injury in the striatum and CAl hippocampus, but fell to near control levels in the cortex and CA3 hippocampus, where neurons are not permanently damaged.
The most striking ultrastructural alteration of hip- Results are means ± SD of white light absorption (range of 0-160) using optical density analysis of GFAP immunohistochemistry.
PM cortex, paramedian cerebral cortex; Lat. cortex, lateral cerebral cortex; n, number of animals in each group.
* Those results that differ significantly from control values (p < 0.05) using analysis of variance and Dunnett's t test. pocampal astrocytes during the first 3 days after ischemia was enlargement of the cell bodies and increases in rough endoplasmic reticulum (RER) and Golgi apparatus and IFs (Fig. 3a) . In the CA3 region, astrocyte cytoplasm was usually electron lu cent, but in the CAl zone, astrocyte cytoplasm was often electron dense due to accumulation of ribo somes and polyribosomes. The nuclei were mildly enlarged and contained finely disperse d chromatin grains and enlarged nucleoli. Increases in IFs were seen in occasional astrocytes at 2 days and in most astrocytes at 3 days. They were arranged in large, densely packed bundles or evenly dispersed throughout an expanded cytoplasm that was densely packed with IFs, polyribosomes, and RER. Between 2 and 5 week following ischemia, the number and the size of the GF AP-positive astro cytes continued to increase in the striatum and CAl region of the hippocampus (Fig. It) . By electron microscopy, all CAl astrocytes had large perikarya fIlled with large bundles of densely packed IFs and abundant polyribosomes and RER. In contrast, the number and size of GFAP-positive astrocytes de creased between 48 h and 2 weeks in the paramed ian and lateral cerebral cortex and CA3 hippocam pus (Fig. Ie) . Ultrastructural examination of the CA3 region revealed only rare astrocytes containing densely packed bundles of IFs. At 5 weeks, the number and size of GFAP-positive astrocytes in these regions and the OD analysis of GF AP staining were similar to controls.
Vimentin-positive astrocytes (Fig. 4) first ap peared in the dorsolateral striatum at 24 h after isch emia and in the CAl region of the hippocampus at 48 h ( Table 2 ). The number and size of the vimentin positive astrocytes was greatest at 2 weeks; al though vimentin-positive astrocytes were still present at 5-6 weeks, the intensity of staining was diminished. Double-labeling immunohistochemistry showed GFAP and vimentin within the same cell. Only rare astrocytes in the paramedian cortex and CA3 region of the hippocampus were faintly posi tive for vimentin at 48 h following ischemia and none contained vimentin at later time periods.
At 3 days after ischemia, nuclei of numerous cells in striatum and lateral cerebral cortex were labeled by eH]thymidine (Fig. 5) . However, the majority of labeled cells were endothelial cells and GF AP negative intraparenchymal mononuclear cells. Al though numerous GF AP-stained astrocytes were present in the striatum and deeper layers of the cor tex, no GFAP-positive cells were labeled in the cor tex, whereas -10% of GFAP-positive astrocytes in the striatum showed thymidine uptake.
DISCUSSION
Changes in astrocyte intermediate filaments are useful in evaluating the distribution of reactive changes in these cells following brain injury. Glial fibrillary acidic protein is the major IF protein of astrocytes in the mature CNS (Eng et al. , 1971; Eng and DeArmond, 1983; Eng, 1985) , where it is virtu ally confined to and is a specific marker for astro cytes (Eng, 1985) . Increased immunostaining of GFAP accompanies many different types of brain injury, including ischemia (Yamamoto et al., 1986; DeLeo et al. , 1987) , trauma (Amaducci et al., 1981; Mathewson and Berry, 1985; Schiffer et al., 1986) , and demyelination (Smith et al., 1983; Webster et al. , 1985; Goldmuntz et al. , 1986) . In contrast, vi mentin is the major cytoskeletal protein in fetal as trocytes (Dahl, 1981; Schnitzer et al., 1981) . Vimen tin rarely is expressed in normal adult astrocytes Schnitzer et al., 1981; Doglioni et al. , 1987) , but can reappear in reactive or neoplastic astrocytes (Dahl et aI., 1981; Schiffer et aI., 1986) . These two IF proteins of astrocytes have a similar amino acid sequence (Lewis et aI. , 1984) and are coexpressed on the same IF system (Sharp et aI. , 1982; Quinlan and Franke, 1983; Wang et aI. , 1984) .
This study indicates that gray matter astrocytes show reactive changes during the early postisch emic period that are not simply confined to regions of neuronal necrosis, but also occur in regions where neurons are resistant to ischemic injury. GFAP was apparent as early as 24 h and rapidly increased in the five brain regions by 2 days after ischemia. The rate of GF AP accumulation as well as the development of vimentin-positive astrocytes correlated not only with the presence of neuronal necrosis, but also with the maturation of the neuro- (n = 7) (n = 3) (n = 5) (n = 5) (n = 5) (n = 5)
PM cortex, paramedian cerebral cortex; La!. cortex, lateral cerebral cortex; n, number of animals in each group.
Grading scale for vimentin-positive astrocytes: .O--none; I +-few; 2+-some; 3+-many. nal necrosis, which is delayed in the hippocampus compared with the striatum. Increased GF AP was not confined to the striatum and hippocampus, where neuronal necrosis occurs, but also was present in the paramedian cortex and CA3 region of the hippocampus, in which neurons are resistant to ischemia and undergo only transient postischemic changes. Although this glial response may be due in part to the direct effect of ischemia on astrocytes, it is more likely that the astrocytes in all brain regions are responding to changes in their environment such as alterations in extracellular ions and amino acids, or abnormalities in neurons that are present even in undamaged brains during the initial post ischemic period.
Several mechanisms account for the increase in GF AP during the first 2 days after ischemia. First, GF AP-positive astrocytes had larger cell bodies and more numerous processes, especially in regions of neuronal necrosis in the striatum and CAl hippo campus. Second, conversion of GFAP-negative glia to GF AP-positive astrocytes was demonstrated by the marked increase in the latter without a concom itant degree of e H]thymidine uptake. This may oc cur in part by a transformation of resting perineu ronal glia into reactive astrocytes, which can occur as early as 3 h after ischemia and is seen in resis tant, as well as vulnerable, brain regions (Petito, 1986) . It is likely that this mechanism is the major one in the resistant brain region since astrocyte hy pertrophy was not as prominent in these regions.
Ultrastructural studies in the CAl and CA3 areas showed that organelles, including astrocyte IFs, proliferated between 2 and 3 days after ischemia. These studies suggest that GFAP content and mRNA levels may increase by 2 days since there was proliferation of protein-synthesizing organelles including polyribosomes and RER as well as prolif eration of IFs. Furthermore, Kiessling et al. (1986) found increased glial fibrillary protein content in ce rebral cortex and striatum at 18 h after cerebral ischemia produced by the same four-vessel occlu sion model. Alternatively, it is possible that some of the initial increases in GFAP immunohistochemis try during the first 24 h may also be due to post ischemic modification of GF AP with exposure of additional antigenic sites to GF AP antisera. This would result in increased GFAP by immunohisto chemistry without increased protein content in a manner similar to that described by Goldmuntz et al. (1986) in a model of chronic experimental aller gic encephalitis.
Reactive astrocytosis with increased GFAP im munostaining occasionally is used as an indication of permanent neuronal injury. Our results suggest that this is not useful during the first few days after ischemia, since reactive astrocytes with increased GF AP were present in undamaged as well as dam aged brains. Furthermore, the results indicate that vimentin is more specific than GFAP in identifying reactive astrocytes in regions of neuronal necrosis during the early postischemic period. Vimentin was virtually confined to astrocytes in the damaged brain regions of the striatum and CAl hippocampus and appeared in parallel with the development of neuronal necrosis in these two regions; only rare astrocytes in nondamaged brain showed mild immu noreactivity for vimentin. In contrast, significant in creases in GF AP were present in the nondamaged brain regions as well as in damaged brain in this and in other models of CNS injury (Smith et aI. , 1983; Mathewson and Berry, 1985; Goldmuntz et aI. , 1986; Schiffer et aI., 1986; Yamamoto et aI. , 1986; Brock and O'Callaghan, 1987) . Furthermore, vi mentin-positive astrocytes primarily were seen in regions of eH]thymidine uptake by astrocytes and thus correlated with astrocyte hyperplasia rather than hypertrophy, as previously suggested by Schif fer et al. (1986) .
At later postischemic periods, the astrocyte re sponse to neuronal necrosis differed from that as sociated with neuronal viability. First, astrocyte hy perplasia was confined to necrotic regions where approximately 10% of GFAP-positive cells exhib ited eH]thymidine uptake at 3 days, a finding sim ilar to that described by duBois et al. (1985) , where maximum astrocyte mitoses occurred between 3 and 7 days in regions of ischemic necrosis. Second, vimentin appeared as a component of astrocyte IFs, primarily in regions of neuronal necrosis, and its presence indicates re-expression of a gene product normally absent in adult brain astrocytes. Third, persistent astrocyte hypertrophy, characterized by continued elevation of GF AP and vimentin and the continued presence of gemistocytic astrocytes with enlarged cell bodies, was confined to damaged brain regions. In contrast, astrocyte hypertrophy and el evated GF AP levels returned to near control levels in areas of nondamaged brain.
A number of diverse stimuli have been shown to induce astrocyte hyperplasia or hypertrophy, in cluding cytokines (Fontana et aI., 1980; Merrill et aI., 1984; Guilian and Lachman, 1985) , brain derived glial growth factors (Sheffield and Kim, 1977; Pruss et aI. , 1982; Lemke and Brockes, 1984; Guilian and Young, 1986) , epidermal growth factors (Brunk et aI. , 1976; Leutz and Schachner, 1981) and steroids (Tranque et aI., 1987; O'Callaghan et aI., 1989) . In addition, peripheral neurons or neuronal sonicates are mitogenic for Schwann cells (Hanson and Partlow, 1980) , although CNS neurons or ax olemmal fragments are mitogen inhibitors for astro cytes (Sobue and Pleasure, 1984; Hatten, 1985) .
The stimuli for the astrocyte hypertrophy and hy perplasia following cerebral ischemia are unknown, but may differ between regions of neuronal necrosis and neuronal viability. Early astrocyte hypertrophy alone is not dependent upon neuronal necrosis and is present throughout the brain during the first sev eral days after the ischemic insult. In contrast, as trocyte hyperplasia as well as persistent and prom inent hypertrophy are confined to regions of neuro nal necrosis. Astrocytes in these regions are exposed to the effects of vascular proliferation, leu kocyte infiltration, as well as tissue breakdown products from necrotic neurons. Regional water content without enhanced vascular permeability is transiently increased in these regions during the first 6 h after ischemia (Petito, et al. 1982a ). Since brain water content is normal by 24 h, it is unlikely that it is responsible for the persistent astrocyte hy pertrophy. Thus, it is possible that a common stim ulus may be responsible for the early and diffuse hypertrophic changes in astrocytes that are seen throughout the brain. In contrast, astrocyte hyper plasia and persistent astrocyte hypertrophy may de pend on the cellular reaction related to vascular proliferation and monocyte infiltration or the per-sistent loss of a neuronal trophic factor in regions of neuronal necrosis.
